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Thermoelectrical properties of cobaltite ceramics can be tuned up by choosing the adequate synthetic method, cation 
substitution and subsequent grain orientation. This can be performed preparing the ceramics by a polymer solution method, 
using Pb partially substituting Bi, and texturing by directionally growing from the melt. In this work, Bi
2-x
Pb
x
Ca
2
Co
1.7
O
y
 (x = 
0.0, 0.2, 0.4 and 0.6) ceramics, prepared by a polymer solution method, have been directionally grown, with the Laser Floating 
Zone (LFZ) technique, at 30 mm/h. In all the cases, the microstructure shows alternated layers with small CoO inclusions. It 
has been found a very important decrease on the resistivity and, at the same time, on the thermopower. However, the power 
factor values are improved with Pb addition, reaching power factor values, for samples with 0.4 Pb substitution, as high as 
two times the values obtained for undoped ones.
Keywords: Processing, Melting, Electrical properties, Thermopower, Misfit cobaltites.
Efecto de la sustitución del plomo sobre las propiedades termoeléctricas de cerámicos texturados Bi
2
Ca
2
Co
1.7
O
y
 obtenidos 
por el método de solución polimérico
Las propiedades termoeléctricas de cerámicas basadas en óxidos de cobalto pueden ser ajustadas eligiendo adecuadamente el 
método de síntesis, la substitución catiónica y posterior orientación de grano. Esto puede realizarse preparando las cerámicas 
precursoras por un método de solución con adición de un polímero, substituyendo parcialmente el Bi por Pb y texturando 
el material por crecimiento direccional a partir del fundido. En este trabajo, cerámicas con composición Bi
2-x
Pb
x
Ca
2
Co
1.7
O
y
 (x 
= 0.0, 0.2, 0.4 y 0.6), han sido preparadas por un método en disolución y crecidas direccionalmente con la técnica de Zona 
Fundida Flotante Inducida por láser (LFZ), a 30 mm/h. En todos los casos, la microestructura está formada por capas alternas 
con pequeñas inclusiones de CoO. Se ha encontrado una apreciable disminución en los valores de resistividad y, al mismo 
tiempo, del poder termoeléctrico .Sin embargo, el factor de potencia aumenta con la adición de plomo, llegando a doblar, en 
muestras con una adición del 0.4 Pb, los valores obtenidos para las muestras sin dopar.
Palabras clave: Procesamiento, Fusión, Propiedades eléctricas, Poder termoeléctrico, Cobaltitas.
1. INTRODUCTION
Nowadays thermoelectric (TE) materials are widely studied 
due to their ability for transforming the temperature gradient 
directly into an electric potential due to the well-known 
Seebeck effect. This phenomenon makes them promising 
materials for harvesting wasted energy, in form of heat, 
generated in different energy conversion systems (1).
The efficiency of the TE materials is characterized by a 
dimensionless factor known as figure of merit (2), ZT =S2T/
ρκ, or by their power factor, PF = S2/ρ, where T is the working 
temperature, S, Seebeck coefficient (or thermopower, TEP), ρ, 
electrical resistivity and κ, thermal conductivity.
Today, a wide range of alloys with high ZT values, such 
as Bi
2
Te
3
, have been industrially applied (3,4). This group of 
materials shows some drawbacks, as they can be degraded 
at high temperatures and/or releasing toxic elements. These 
problems lead to the limitation of their working temperature. 
This limitation was overwhelmed by the discovery in 1997 
(5) of attractive thermoelectric properties in ceramics such as 
Na
2
Co
2
O
4
. Thus, the CoO ceramic families attracted attention 
as promising thermoelectric materials for high temperature 
applications, leading to the discovery of new materials, 
such as Ca
3
Co
4
O
9
, Bi
2
Sr
2
Co
2
O
9
 and Bi
2
Ca
2
Co
2
O
y
 with high 
thermoelectric properties (6-9).
Crystallographic studies on these materials have shown 
that they are formed by an alternate stacking of a common 
conductive CdI
2
-type CoO
2
 layer with a two-dimensional 
triangular lattice and a block layer composed of insulating 
rock-salt-type (RS) layers. The two sublattices (RS block and 
CdI
2
-type CoO
2
 layer) possess common a- and c-axis lattice 
parameters and b angles, but different b-axis length, causing 
a misfit along b-direction (10-12). Moreover, it has been found 
that the modification of the RS layer size changes the misfit 
relation of the two subsystems and, as a consequence, modifies 
the Seebeck factor (9). Some cation substitutions have shown to 
be adequate to change the RS layer size improving TEP when 
cation size is decreased, e.g. substitutions of Sr+2 for Ca+2 (13).
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Another way allowing tuning up the TE properties is 
the aliovalent cationic substitution, e.g. La+3 for Ca+2 (14), 
which changes the electronic charge in the RS layer and, as 
a consequence, the relationship between Co+3 and Co+4 in 
the conductive layer. The changes on these proportions are 
responsible for the modifications on the TE properties (15), 
increasing the Co+3 proportion and, as a consequence, raising 
TEP values.
Taking the above considerations, Pb+2 substtitution for Bi+3 
has demonstrated to be a successful route in order to improve 
the electrical resistivity and power factor in Bi-based cobaltites 
(16) even if TEP is decreasing.
On the other hand, the high structural anisotropy of this type 
of materials leads to the formation of plate-like grains during 
the crystallisation. This shape anisotropy opens the route to 
align preferentially the grains to obtain textured ceramics with 
thermoelectric properties, mainly on the electrical resistivity, 
comparable to those obtained for single crystals. Numerous 
methods have been reported to be useful to obtain a good grain 
alignment in ceramic materials, such as hot uniaxial pressing 
(17), spark plasma sintering (18), laser zone melting (LFZ) (19), 
templated grain growth (TGG) (20), etc.
The aim of this work is studying the effect of Pb addition 
on microstructure and TE properties of textured Bi
2
Ca
2
Co
1.7
O
y
, 
prepared by a polymer solution method developed in our 
laboratory (21,22), which has shown to be useful improving 
thermoelectrical performances of pure Bi
2
Ca
2
Co
1.7
O
y
 (23).
2. EXPERIMENTAL
Polycrystalline powders with nominal compositions Bi
2-
x
Pb
x
Ca
2
Co
1.7
O
y
 (x = 0, 0.2, 0.4, 0.6) were prepared by a solution 
method from Bi(CH
3
CO
2
)
3
 (99.99 + %, Aldrich), Ca(CH
3
CO
2
)
2
 • 
2H
2
O (99%, Panreac), Pb(CH
3
CO
2
)
2
 • 2H
2
O (99%, Aldrich), and 
Co(CH
3
CO
2
)
2
 • 4H
2
O (98%, Panreac) commercial powders. 
They were weighed in the appropriate proportions and 
suspended in distilled H
2
O. Glacial acetic acid (ACS Reagent, 
Panreac) was added dropwise to the above suspension until a 
pink clear solution was formed. Polyethylenimine (PEI) (50% 
aqueous, Aldrich) was then added and the solution turned 
darker immediately, due to the nitrogen-metal coordination. 
After partial evaporation of solvent (between 80 and 90 vol. 
%) in a rotary evaporator, the concentrated solution was 
placed onto a hot plate until a very dark pink thermoplastic 
paste is formed. Further heating turned this paste to violet 
colour, followed by a slow combustion with the release of 
brown fumes (nitrogen oxides). The resulting powder was 
milled and calcined at 750 and 800 ºC for c.a. 12 h, with 
an intermediate milling. This calcination process has been 
fixed in previous studies (24) to specifically decompose the 
alcaline earth carbonates avoiding their decomposition in 
the LFZ process, which would lead to bubble formation 
inside the melt, disturbing the crystallization front. The so 
obtained powders were then cold isostatically pressed at 200 
MPa in order to obtain green cylindrical ceramic bars, which 
were subsequently used as feed in a LFZ device equipped 
with a continuous power Nd:YAG solid sate laser (1.06 μm) 
described elsewhere (25).
The growth conditions were optimized for all the 
compositions to obtain final cylindrical textured rods with 
high geometrical homogeneity. The growth process has been 
performed at 30 mm/h. On the other hand, the compositional 
homogeneity of the melt has been assured by the rotation of 
the seed at 3 rpm clockwise and 15 rpm anticlockwise for the 
feed. Therefore, rods with diameter from 2 to 3 mm and up 
to 30 cm length, depending on the precursor feed size, were 
obtained.
Characterization of the crystal structure has been 
performed by powder X-ray diffraction (XRD), at room 
temperature, with 2θ between 10 and 40 degrees, using 
a Siemens Kristalloflex diffractometer, working with Cu 
Kα radiation. Microstructure and phase distribution have 
been studied from micrographs recorded from longitudinal 
polished surfaces using a SEM (JEOL 6000) equipped with an 
energy dispersive spectroscopy (EDS) device. TE properties 
(electrical resistivity and thermopower) were determined 
simultaneously in a ZEM-3 system (ULVAC) at temperatures 
between 60 and 625 ºC.
3. RESULTS AND DISCUSION
Powder XRD diagrams of Bi
2-x
Pb
x
Ca
2
Co
1.7
O
y
 samples are 
presented in figure 1, which clearly shows that all the samples 
have similar patterns, independently of the Pb content. The 
peaks marked with an * correspond to the thermoelectric 
phase where the (002l) crystallographic planes are indicated, 
in agreement with the reported data for the Bi
2-x
Pb
x
Ca
2
Co
2
O
y
 
structure (10). The peaks marked with a + are associated to 
the orthorhombic Bi
6
Ca
4
O
13
 secondary phase (26) while the 
▼ at 29.8 degrees indicates the peak corresponding to the 
(110) plane of the cubic (Bi,Pb)
2
Ca
2
O
5
 secondary phase (27). 
The ¢ indicates the (111) peak of Si used as reference. As 
it can be observed in figure 1a, for the Pb-free sample an 
additional peak at 21.65 degrees is appearing, corresponding 
to the orthorhombic BiCaO secondary phase. Pb addition 
clearly reduces the relative intensity of the diffraction peaks 
associated to the Bi(Pb)CaO secondary phase, indicating a 
reduction on the amount of this phase. Moreover, for samples 
with x = 0.6 Pb the peak at 29.4 degrees disappears while the 
one at 29.8 degrees raises, indicating the modification of the 
Bi(Pb)CaO crystalline structure from the orthorhombic to a 
cubic system. This effect can be related with the drastic change 
on the phase diagram induced by Pb (28).
Other effect of the Bi substitution by Pb, in the RS layer, is 
the raising of the cell parameters in the TE phase, displacing 
the XRD peaks towards lower angles. This effect is illustrated 
in figure 2, using the (0010) peak. From this peak, it has been 
calculated the evolution of the c-parameter as a function of 
Pb substitution, showing a linear behaviour, as can be clearly 
seen in the insert in figure 2. These results indicate that there 
is a linear relationship between the Pb addition tested in this 
work and the amount of Bi that can be substituted in the 
crystal structure when they are melt-processed.
The high texture obtained by the LFZ technique is 
illustrated by the SEM micrograph of a fractured surface 
shown in figure 3. As it can be observed, the textured samples 
are constituted by highly aligned microscopic grains which, 
in turn, are composed of many, well stacked and very thin, 
plate-like grains (~ 0.4 mm thickness) with a large surface area 
(more than 60 x 60 mm2).
The micrographs shown in figure 4 correspond to 
polished longitudinal sections of the as grown samples, with 
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Fig. 1. Powder X-ray diffraction patterns obtained for the Bi
2−
x
Pb
x
Ca
2
Co
1.7
O
y
 samples; x = 0 (a); 0.2 (b); 0.4 (c); and 0.6 (d). 
Thermoelectric phase peaks are indicated by an *, (002l) crystallo-
graphic planes are identified. Secondary orthorhombic Bi(Pb)CaO 
phase peaks are marked by an +, and secondary cubic Bi(Pb)CaO 
phase peak by an ▼. The ¾ shows the Si (111) diffraction peak, used 
as reference.
Fig. 3. SEM micrograph of a fractured Bi
2−x
Pb
x
Ca
2
Co
1.7
O
y
 sample, 
showing the alignment and stacking of the plate-like grains.
Fig. 2. Enlarged view of the (0010) diffraction peaks of Bi
2−x
Pb
x
Ca
2
Co
1.7
O
y
 
samples for x = 0.0 (a); 0.2 (b); 0.4 (c); and 0.6 (d), showing their displa-
cement as a function of Pb content. The insert illustrates the relative 
c-axis variation with respect to the undoped samples.
Fig. 4. SEM micrographs of longitudinal polished sections of the Bi
2−
x
Pb
x
Ca
2
Co
1.7
O
y
 samples, for x = 0.0 (a); 0.2 (b); 0.4 (c); and 0.6 (d). The 
arrow indicates the growth direction.
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Table I. aTomIc % of The dIfferenT elemenTs deTermIned by eds for each conTrasT observed by sem, as a funcTIon of The nomInal composITIon.
Nominal 
composition
Contrast Bi Pb Ca Co
Bi
2
Ca
2
Co
1.7
O
y
Dark grey 1.64(2) - 2 1.72(1)
Light grey 1.24(3) - 1 -
Grey dendritic - - 0.092(1) 1
Bi
1.8
Pb
0.2
Ca
2
Co
1.7
O
y
Dark grey 1.78(5) 0.19(2) 2 1.59(1)
Light grey 1.51(4) - 1 -
Grey dendritic - - 0.098(1) 1
Bi
1.6
Pb
0.4
Ca
2
Co
1.7
O
y
Dark grey 1.48(2) 0.35(1) 2 1.73(2)
Light grey 1.60(5) 0.19(7) 1 -
Grey dendritic - - 0.098(3) 1
Black plate-like 0.12(1) 0.074(2) 2 2.61(1)
Bi
1.4
Pb
0.6
Ca
2
Co
1.7
O
y
Dark grey 1.41(3) 0.45(1) 2 1.77(4)
Light grey 1.41(4) 0.61(2) 1 -
Grey dendritic - - 0.098(3) 1
Black plate-like 0.17(1) 0.10(1) 2 2.49(3)
Black spot - - 1 0.02(1)
Fig. 5. Temperature dependence of the electrical resistivity, ρ, as a 
function of Pb content in Bi
2−x
Pb
x
Ca
2
Co
1.7
O
y
 samples, for x = 0.0 (•); 0.2 
(u); 0.4 (¾); and 0.6 (q).
Fig. 6. Temperature dependence of the thermopower, or Seebeck co-
efficient, S, as a function of Pb content in Bi
2−x
Pb
x
Ca
2
Co
1.7
O
y
 samples, 
for x = 0.0 (•); 0.2 (u); 0.4 (¾); and 0.6 (q).
These chemical compositions have been normalized on Ca except for the grey dendritic contrast where Co has been used.
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different Pb substitution, where five different contrasts can be 
observed. EDS analysis (see Table I) allowed the compositional 
determination for each one. The dark grey contrast is 
associated to the misfit cobaltite phase, in agreement with 
the XRD data. Light grey phase is composed of bismuth and 
calcium oxides in a constant relationship Bi:Ca of 5:4 for Pb 
contents lower than 0.4. When Pb content increases, the cation 
relationship Bi(Pb):Ca of this phase changes to, approximately, 
2:1 for a 0.4 content Pb and to 11:5 for samples with 0.6 Pb. 
The very dark grey contrast which can be seen as dendritic-
like shape corresponds to CoO, with a very small amount 
of Ca. All the above contrasts are found in all the samples 
but for high Pb contents (x > 0.2 Pb) two more contrasts can 
be found (see figure 4c and d): black contrast with plate-like 
shape with a composition close to the thermoelectric Ca-349 
phase, and small black spots identified as CaO appearing 
only in appreciable amounts in the 0.6 Pb substituted samples. 
On the other hand, clear differences can be observed in the 
microstructure, as a function of Pb content. Firstly, it is found 
a significant increase in the amount of the main thermoelectric 
phase from the undoped samples to the 0.4 Pb ones. Further 
Pb addition starts to decrease the proportion of thermoelectric 
phase. Secondly, the same evolution has been observed in 
the size and alignment of the thermoelectric phase grains. As 
a consequence of the variation on the thermoelectric phase 
content with Pb, a reduction of the impurities is produced 
until 0.4 Pb substitution. Further Pb addition starts to increase 
again the amount of the secondary phases.
This evolution could be explained using the phase diagram 
Bi-Pb-Ca-Co-O, still not determined, in our knowledge. In 
order to find a suitable explanation the ternary BiO
1.5
-PbO-
CaO phase diagram (28) has been revised. It has been found 
that increasing the Pb content a decrease on the melting 
point is produced. As a consequence, the growth process is 
drastically disturbed, as it can be clearly observed in figure 4d.
EFFECT OF PB SUBSTITUTION ON ThE ThERMOELECTRICAL PROPERTIES OF TExTURED BI
2
CA
2
CO
1.7
O
y
 CERAMICS PREPARED By A POLyMER SOLUTION METhOD
In figure 5 the evolution of the resistivity (ρ) with 
temperature (T), as a function of the Pb content, is represented 
for the as grown materials. Undoped samples show 
semiconductor behaviour from room temperature to about 
550ºC and a metallic-like one for higher temperatures. For x = 
0.2 Pb substituted samples a similar behaviour has been found. 
Moreover, for x > 0.2 Pb substituted samples the metallic-like 
behaviour is extended to all the measured temperature range, 
with very small dependence of resistivity with temperature. 
This can be explained by the substitution of Pb+2 for Bi+3, which 
is promoting Co+3 to Co+4 and, as a consequence, increasing 
the carrier concentration due to the impurity compensation 
effect (29). However, the minimum resistivity values at room 
temperature have been obtained for heavily doped samples. 
For samples with x > 0.2 Pb substitution this value is about 
30 mΩ.cm, which is, approximately, one third of the best ones 
reported in sintered specimens (10).
Figure 6, displays the variation of thermopower with 
temperature (T), as a function of the Pb content. S is positive 
in all cases which indicates a predominant hole conduction 
mechanism. It can also be observed a nearly linear increase of 
thermopower with temperature for all the samples, which is 
consistent with previously published data in layered cobaltites 
(30). The evolution of the thermopower with the Pb content 
is in agreement with the relationship between Co+3 and Co+4 
in the CoO
2
 layer, discussed above. The increase of carrier 
concentration due to the Pb incorporation in the structure is 
reflected in the reduction of the thermopower values. At near 
room temperature, S values decrease from, around, 220 μV/K 
obtained for the Pb-free samples, to around 145 μV/K for the 
0.6 Pb one. These values are in agreement with the relationship 
between thermopower and Co+4 over the total amount of cobalt, 
determined by the Koshibae expression for a low spin state (15).
Evaluation of thermoelectric performances has been 
estimated using the power factor. Data for all the samples, as 
a function of temperature, are plotted in figure 7. Despite the 
negative influence of Pb on the thermopower, it can be clearly 
seen that Pb addition improves considerably the PF, compared 
with the undoped samples, due to the spectacular decrease on 
the electrical resistivity. When considering PF values at room 
temperature, they are ranging from around 0.050 mW/K2.m, 
for the undoped samples, to a maximum of about 0.095 mW/
K2.m for the 0.4 Pb substituted sample.
4. CONCLUSIONS
This paper demonstrates that Bi
2-x
Pb
x
Ca
2
Co
1.7
O
y
 
thermoelectric materials can be successfully directionally 
grown by the laser floating zone method (LFZ). This process 
leads to well textured samples with the Bi(Pb)-Ca-Co-O 
cobaltite phase as the major one. The texture is improved, and 
the amount of secondary phases is reduced, when increasing 
Pb substitution until x = 0.4. Further Pb addition leads to 
the degradation of the samples microstructure as well as the 
thermoelectrical properties.
In spite of the negative influence of Pb on the thermopower, 
a significative increase on the power factor has been obtained 
due to an important reduction obtained on the electrical 
resistivity. As a consequence, the power factor for the 0.4 Pb 
doped samples has reached values as high as, approximately, 
two times higher than the obtained for undoped samples.
Fig. 7. Temperature dependence of the Power Factor, S2/ρ, as a function 
of Pb content in Bi
2−x
Pb
x
Ca
2
Co
1.7
O
y
 samples, for x = 0.0 (•); 0.2 (u); 0.4 
(¾); and 0.6 (q).
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